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The production of charmonium statg$ andh,(1P,) at fixed-target experiments piN collisions at DESY
HERA-B is considered. It is found that the HERB\-at DESY is one of the best machines for further
confirming and detecting these two kinds of charmonia in the near future.
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[. INTRODUCTION and the scarce studies of the two-photon process in high
energye*e” colliders such as the CER& e~ collider LEP
The dramatic discovery of charmonia, tldé) and its and the Cornell Electron Storage RING3ESR.
excited states, marked the beginning of a new era of particle Because of the restriction of the quantum number‘a™
physics. Until now charmonium physics has remained one otolliders, only vectorlike charmonium states sucliag and
the most exciting areas of high energy physics. As the “hy-§’ can be produced directly at lowest order, whereas the
drogenlike atoms™ of strong interactions, charmonia couldother charmonium states, suchyas, 7., andh.(*P;), can
be investigated partly by virtue of perturbative Q@BQCD only be produced via either higher order processes or
on account of the large charm quark mass, which puts théhroughJ/s (¢') electromagnetic and/or hadronic decays.
study on relatively solid ground; as well, the study may giveFor instance, the;. may be produced vig’' — y+ ». and
clues of the nature of nonperturbative QCD. the h.(*P,) state viay' — 7°+h,(*P,). Although the BES
Although the first charmonium stat#/¢s was observed detector{10] has collected the largegt’ data sample in the
more than 20 years ago, the study of charmonium states igorld, due to the limited energy resolution of the electro-
still far from satisfactory. Except fod/ ¢ itself, knowledge magnetic calorimeter and the rather small production rates of
of the othergharmonia is very limited. ngo not even have,]é and h(*P,) in ¢ decays, the search for either. or
a completecc mass spectrum below tHeD threshold[1]; h.(*P;) did not give significant results.
that is, the existence of th®wave spin singlety, and the As for proton-antiproton annihilation experiments, al-
P-wave spin singleh (1P,) is still based on very weak ex- though they can produce charmonium states of various quan-
perimental signals. To confirm the existing findings and givetum numbers and can be used to determine the resonance
more precise values of the mass, width, and other parameteparameters of the charmonium produced, the study of Char-
of these two resonances are now pressing tasks in expetionium is limited by the detection of the electromagnetic
ments. final states and the low production rate. The E760 and its
The 7. was first observed in the Crystal Ball experiment succeeding version E835 did a very good job in measuring
in the inclusive photon energy spectrum frafm decays at the resonance parameters of tg, xc2, and some other
3594 MeV[2]: until now the signal has not been observed bycharmonium states, but the study of thg'P;) state is still
other experiments due to the low energy of the radiativensufficient and the existence of thg, is not confirmed. Of
photon and the relatively poor photon detection ability ofcourse, the E835 will continue this work and look further
other detectors compared with that of the Crystal Ball’'swith more data in the near future.
[3-6]. Theh (}P,) state was first observed at 3526.14 MeV  The HERAB [11], an experiment presently set up at
in the proton-antiproton annihilation experiment by the E760DESY, which uses the HERA 920 GeV proton beam inci-
group performed at Fermilaly], but with a statistical sig- dent on various nuclear targets, is focused on the measure-
nificance of the signal slightly more than three standard dement of CP violation in theBB system via mainly the final
viations, and also no other experiments have definitely constates containing/. The trigger system is designed to rec-
firmed the existence by no(E705's repor{8] was doubted ognize events with//— 171~ (I=e or ). Furthermore, the
by Barnes, Browder, and Tudf]). detector also is designed for precise measurement of photons
Currently, the experiments suitable for charmonium studwith its electromagnetic calorimetéECAL), which makes
ies are the Beijing Spectromet@ES) running at the Beijing  the study of charmonia very possible through detecting the
Electron Positron CollidetBEPQ, the pp annihilation ex- final states of the charmonium decays containiigr and
periment represented by the E835 experiment at Fermilameutral particles such ag or 7°.
The paper is organized as follows. In following section
we present the formalism fay, andh.(*P,) production in a
*Email address: giaocf@mail.desy.de general framework in a fixed-target experiment. In Sec. lll
"Email address: yuancz@Ial.in2p3.fr the obtained formalism is applied to the HEMBAsituation
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numerically; the direct and indirect production rates of these ¢
two states are evaluated. In Sec. IV, we giVe a rough estima- FIG. 2. The generic diagrams bf:(lpl) production process at
tion of the signals and backgrounds in searching for theseN collision at leading order in%: (a) the color-octet procesgh),

two states for experimentalists’ reference. In the last sectioix), (d) the color-singlet processes.

some discussions and conclusions are made.

terms in Eq.(2) are of the same order in’. Based on this
argument the leading-order color-singlet and -octet processes
of the h,(*P,) production are shown in Fig. 2.

For ». production, to leading order i and v?, the As depicted in Fig. @), the color-octet process is also a
relative velocity of heavy quarks inside the bound state, it igwo-to-one process. The cross section of the partonic scatter-
a two-to-one process as shown in Fig. 1. The parton leveng process can be straightforwardly obtained:
cross section can be easily calculated or just obtained from
the corresponding;. producing process with the nonpertur- 5773a§

Il. 3. AND h,(*P;) PRODUCTION

bative sector replaced. It is &fm(OIOQC(lSoHO)zé(l—z), 3
C
3 2 . .
o= 2mas (Ol(’);“(lso)lo)za(l—z). 1) Where<O|Og°(lso)|O) is the color-octet nonperturbative ma-
9(2m,)° trix element.

Of the color-singlet processes, FigghR-2(d), the two-
/ gluon fusion channel afb) may survive only with at least an
Here, as is the strong coupling constar0|O /°('S)[0) is  additional gluon in the final states from the Landau-Yang
the nonrelativistic QCDINRQCD) color-singlet nonpertur- theorem, as shown in the figure; the others are not restricted
bative matrix element, which can be related IR%(O)L the by this law, but are, however, ruled out by the properties of
radial wave function at the origin of the bound state, bycharge conjugation of the processes. The reason for this is
. . TP - that heavy-quark-loop factdincluding the projector for the
(0[O *(*%0)|0) = (3/2m)|R(0)|* and ZZM%/S' where s guarkonium stateis odd under charge conjugation. That is,
denotes the c.m. systefo.m.s) energy in partonic system. the C-oddh. state cannot decay through two-vector currents
As for theh,(*P;) production, the situation is somewhat (C even), and the direct calculation really shows they give
different from that ofy,. . Of the latter, at leading order im;, ~ NO contributions. The cross section of FigbPreads as
andv? there is only one possible channel giving the contri-
bution, but of the former, there are several to the same orde&

g
of accuracy. To be more clearly, according to the Bodwin- Ay T
Braaten-LepageBBL) theory for quarkonium production ’qp'[lgés)ﬁpo(s)’iipz(s)] YSY)
and decay$12], the Fock states of quarkonium are ordered e
inv, i.e . g
y Gy g g
(a) (b)
[Ihe(*P1))=O(1)|ecl*P{VT) + O(v)|ecl *S67g) ‘
+0()|ce['DE]g)+ - . @ >\w<' WPt
q
Because forP-wave states the leading nonvanishing wave ©

functions are the derivative of the wave functions at the ori-

gin, or in other words that the-wave states are produced via  F|G. 3. The generic diagrams @f production process @@N

the NRQCD dimension-8 operators or higher, the NRQCDcollision: (a) and (c) the color-octet processes af and leading
scaling rules[13] tell us that forh,(*P;) production the order in as, (b) the leading-order color-singlet process in bath
nonperturbative matrix elements stemming from the first twoandv?.
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dt - 1082m,)s? (s+1)2(s+U)2(t+u)? " 3(s+1)3(s+u)d(t+u)d

a3(g+g—h*P{"]) 7Tzcv§<0|<9'{°(1F’1)|0>[ 41202+ 5H0(1+0) + 28412+ 10+ 02) 40
X (125%% + 445°12+ 725413+ 725314 + 445215+ 12518+ 12550 + 5855t U+ 14564120+ 17963130
+14052t40 + 565t U+ 12t5U+ 468°U2 + 1575t U2+ 246531202 + 231521302 + 1425402 + 44t 502

+785*03+ 198531 U3+ 240521203 + 17851303+ 724403+ 795304+ 15852t U4 + 149t 204 + 72304

+ 475205+ 61stu®+ 44t2U5+ 12su8+ 12tus) | . (4)

Here in the aboves=(p;+p,)% t=(p;—ps)? and U lIl. NUMERICAL ESTIMATION FOR 5. AND h(*P,)
=(p,— p3)? are ordinary Mandelstam variables; the univer- PRODUCTION AT HERA- B

sal nonperturbative matrix e|eme(1®|02°(lpl)|0> is re- In the above section we have calculated the necessary
lated to the derivative of the radial wave function at thepartonic cross sections at leading ordemand/or a for
origin of hy(*P;) by(0|(’)'11°(1P1)|0>=(27/277)|R,’16(0)|2. n¢ andh(*P,) production in the proton-nucleon collision.
Except for the direct production of these two states giverficcording to the general factorization theorem the experi-
in above, another main source of their production is of themental cross sections can be obtained by convoluting the
electromagnetic or hadronic decays of iilein accompany- Subprocess with the parton distribution functions in the
ing with one y or #°. The dominant partonic interaction nucleons, i.e.,
processes of the’ production inpN collision at HERAB
energy are drawn as Fig. 3. o(A+ B—>C+X)=E f Ga(Xa)Gp(Xp)
The expression for gluon-gluon fusion processes, Figs.

3(a) and 3b), can be written as X o(a+ b—C+Y)dxdxy,  (7)

(}4(g+g_)¢,f) where the sum runs over all the possible initial interacting
partons which involve in the interactiod, and B represent
3 5 Vo 3 o3 nucleonsC represents the charmoniuXandY are the rem-
:W (0]O§ (*Sp)[0) + ﬁ@os (°P0)[0)  nants of the inclusive processes, @Bg(x,) andGp(x,) are
¢ c the parton distribution functions of the colliding nucleohs
4 and B with momentum fractions, andx,,, respectively.
+ _2<o|(f)g'(3p2)|o> z28(1-2) In doing the numerical estimation the following inputs are
me taken:
2 3 2 _ _
, 1-2z°+2zlogz ag(2m.)=0.253, M, =3.6 GeV,
+ m<0|03{/ (3Sl)|0>22{(z_—1)zg S (o ¢
¢ Mp 1p)=3.5 GeV, m.=15 GeV,
Jr1—22+22Iogz L 5
- — i he . _
2117 2) (5 (0]0"e(15)[0)=0.98x 102 Ge\P [14],

heo1 _
The expression for the process of Figc)ds quite simple; (0|01 ("P1)|0)=0.32 GeV [15],

it is
, 7 ,
(01T 2SO (0105 (*p)[0)+ (0105 (°Po)|0)
Osg - il c
167302 , =0.56x10 2 Ge\?® [16],
= ———(0|0¢ ('8 |0)z8(1~2).  (§) ,
21(2me) (0|0 ¥ (3s,)|0)=0.44 GeV [17],

Here, although the octet processes are suppressef| in (0|O§”(381)|0>=6.2>< 1073 Ge\® [17],
they get compensation from the enhancement @f idlative
to the color-singlet process. So it is proper to include them in 1
the ¢’ production rate estimation. <0|Ol ('$0)[0)=0.20 GeV [18], ®)
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TABLE I. Estimation of event numbers df.(*P;) and ». production at HERAB.

State 7L ho(*Py) W' bb Inel.
Cross sectiort/n) 1076.1 nb 153.7 nb 84.2 nb 12 nb 13 mb
Events ratgHz) 3311 473 259 37 40 M
NP©din 10" s 3.3x10%° 4.7x10° 2.6x10° 3.7x 10 4.0x 10*
Final states Yyl w031y Y7L 7h(*Py)  mi+ X h(*Py)+X

Fraction 1.x 1.2x 1.2% 1.2x 4.8% 2.4%

01 p(9)] 107 104 10°-10% 10°-10% 10°¢® 1077

NP4 in 10" s 4.0<10° 5.6x1C° 3-31 3-31 18 89

(717 ¥(9)]

N°PSin 107 s 4.0<10* 5.6x10 0.3-3 0.3-3 1.8 8.9

(Assuminge =10%)

and the CTEQ 3M package for parton distributions is em- Because of the projected high interaction rate, 40 MHz,

ployed with the factorization scale chosen to be equal to théhe results in Eq(9) means that in a running time of 16 at

NRQCD scaleu=2m;. In making use of the present fitted HERA-B using a Cu target, for example, the directly pro-

matrix elements given in above, the spin symmetry relatiorduced 5. and h.(*P,) events number would be about 3.3

(0|0 (3P,)|0y=(23+1)(0|0¢ (®Py)|0) has been ap- X10'°and 4.7 10°. They’ events number would be about

plied. 2.6x10% which is three orders higher than the presgnt
With 920 GeV incident protons we find that the magni- date sample collected at'e™ colliders.

tude of the cross sections given in the preceding section are Theoretical estimation of the branching fractions of the
h.(*P;) production iny’ decays are about 16—10 2 from

01=1076.1 nb/n, 0,=98.9 nb/n, o03=54.8 nb/n, Refs.[21-23, and they. rate are about 10f—~10 2 from
the naive estimation of th# 1 transition in nonrelativistic
04=79.0 nb/n, ¢s=5.2 nb/n. ) Jimit [24,29. Therefore, the indirectly producéx(*P,) and

Here, the nb/n means nb/nucleon for shorthand. #hero- ¢ would be of the order 16-1¢° and 16—10 correspond-

duction cross sectiof84.2 nb/n agrees well with the experi- "9Y- _ .

mental measuremelflf of (?_E-Drl 292) nb/n by E78919)], Pn The |r!d|rect productlon of charmor_uum 13 decayls has
dicating the reliability of the other calculations in this paper, P€€n estimated in Reff26]; the production rates dic("P,)
However, quarkonium production rates are often sensitive t&"d 7c (assuming the same as thatsf) are of the order of
the choice ofm, and the parton distributions. To see the 10~ 3. Using thebb production cross section of 12 nb/n, the
effect of the former, we assume that the difference betweeproducedh,(*P;) and 7. events are of the order of 191¢°
calculated and measureid production cross sections is a in 10’ s of the HERAB running time, which is the same
pure effect ofm; to cover the error of the measured value, order as viayy' decays.

m. should vary from 1.45 to 1.65 GeV. By changimg;

from 1.5 to 1.45 and 1.65 GeV in all other cross section

calculations, the relative uncertainties of the are shown

below. As for the latter, we simply take another parton dis- As mentioned in the Introduction, the interesting topolo-
tribution functions, the Glek-Reya-Vogt(GRV) [20], the  gies for detecting these two states at HER/&re yJ/ and
deviations of thess are also listed below: w2/ for n. andh (P,), respectively, wherd/ decays
into lepton pairs and° decays into two photons. Because of
the charge-conjugation invariance, the decay modgs
— 7%J/ andhg,— yJ/ 4 are ruled out.

The h (}P,) state was observed decaying#8J/¢ with
branching ratio~ 102 [7], which is of the same order of
(10) magnitude as the theoretical expectati@i], and the n,

decaying toyJ/ ¢ is expected with a width of the order
Here, the first deviations come from the Changa’@f(“ + "‘O(lk e\/) [27] ConSidering that the theoretical estimation
for m,=1.45 GeV and “- " for m,=1.65 Ge\}; the second Of the decay width of they/ is about 5 MeV, it has a branch-
corresponds to the choice of a different parton distributioring ratio of ~O(10?) in the yJ/4 decay mode. Using the
code(GRYV results relative to the CTEQ onesVe can see nhumbers listed above, Table | lists the estimation of pro-
from the above results that the deviations of the cross se@uced events foh (*P;) and ». in all the production
tions relative to different parton distributions agree within mechanisms, taking into account the branching ratios of the
30%, and the charm quark mass uncertainty changes crodsy leptonic decays and’— yy.
sections around 50%. From the table, we can see that the produced events of

IV. SEARCHING STRATEGY

Aoy ="3924285%, Ao,=7223+285%,
Aoy="32%128.8%,

Aoy="353+292%, Aos="533-5.8%.
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interested topologies from indirect productions are too low Finally, to check the results, the sideband method maybe
(of the order of 10—100to produce meaningful signals for useful. In both cases thd/ys mass sidebands and, in
observing the two states. But instead, direct production oh.(*P,), searching ther® mass sidebands will tell us the
these two states is rather large, of the order of #46°. As  shape of the background. The absence of the same peak in
we know the geometric acceptance of the HEBAletector the mass spectrum of sidebands events will be a demonstra-
is large and its trigger is optimized fai/ ¢ events, we do tion that the selection is reasonable.
expect a high efficiency of detecting these two final states. It is important to note that all of the above discussions are
Suppose the overall efficiency of detecting these two finabased on a sample of 18 running time. With more statis-
states is around 10%; one expects 4<I®* reconstructed tics, instead of reconstructing photons from ECAL, one can
events each channel, which are large numbers compared tietect converted photons to reconstrgé¢tand h(*P,), as
those channels for observir@P violation (in the same run- has been indicated by E7728]. In this case, the mass reso-
ning time, the reconstructed eventsIdf/K are estimated to |ution will be significantly improved (5.2 2.0 MeV for the
be around 1400 yJ/ ¢ system in the E771 experimenand ». will be re-

The main background channel fey, observation isy., solved fromy., even if it has a small mass.
—yJly, which has the same final states but much larger
cross section and very near the expectg¢dnass. Using the V. DISCUSSIONS AND CONCLUSIONS
measured cross section f, by E771[28], the number of
reconstructedy., events is estimated to be aroundf 1the
combinational background at., mass region is about the

same size ag., events as shown in Rei28]). The signifi- h.(LP,) events which would be produced at HEFRBAN 107

cance of the observeg. depends strongly on the mass reso- ; . T 1
. . f running time. A rough imation shows tha{("P
lution of the yJ/ ¢ system and the mass difference betweenS ot ru g time ough estimation shows t 1)

X2 and .. Theoretical estimations of thg. mass range will be observed clearly in itsr®J/y decay mode, andy;
c2 c* c . . . .
from 3589 to 3631 Me\[29], and the only experimental hint VI D& observed as a shoulder at high mass sidggfin

. , vJ/ i channel if the mass resolution is not too large.
_[2] Is at a mass of (_359?'5) MeV. Fora 3.6 GeV massF, The searching strategies of these two states at HBRA-
if the mass resolution is around 10 MeV or lesg, will

. - - are given. The major backgrounds in the detection and the
produce a long tail at the high mass sidexgb, and at @ possible detecting measures are also discussed.
mass higher than 3.6 GeV, the events are almost free from |t shoyld be mentioned that the theoretical basement of
the xc background. If the mass resolution reaches 15 MeVyyr calculation in this paper, the NRQCD factorization, may
or even larger, it will be hard to distinguisiy, from xc2. A not work well in the inclusive quarkonium production at full
Iargerm,,é obviously will increase the possibility of resolv- phase space, that is, at the sm@jl (pr not much greater
ing 7. from the ., tail, while a low mass»n. will more than A qcp) region, which would cast some shadow on the
depend on the mass resolution. validity of the results of the inclusive fix-target calculations.
For h¢(*P;), the main background is from the®xJ/y However, at least from our calculation af' production,
produced byy’ decays. Compared with that in thg case, which agrees with th_e experiment value quite well, we are
here theh,(*P,) is at the phase space limit of the’J/yy ~ convinced to a certain degree of the accuracy of our other
system produced frond’ decays and the cross section of the c@lculations in this paper.
latter is smaller thary., by at least a factor of 3%. Further-  Last, it should be noticed that although the study pre-
more, there is no other nearby resonance decays to the sarg@ted in this paper is just an order estimation because either

final states. All these make the observatiomgfP,) easier the input parameters, such as the color-octet matrix elements,
than 7 are more or less accurate just to an order or the evaluation is
.-

At the point of data analysis, fop’ , instead of using the based only on the first order calculation, or the factorization
invariant mass of/y and the Ejetei:’ted/ using the mass problem mentioned above, the results were well constrained
difference between the"| ~y system ana thé™ |~ system b.y the known measurement ¢f produ_ction, SO .the conclu-
would be better in finding the signal, since the latter ca sion of the paper should hold. That is, detectionzgfand

compensate some of the effects due to energy losses of r o(*P1) at HERAB is feasible and promising.
diation and bremsstrahlung of the lepton tracks.

In searching for then,(*P,) state, reconstruction of the
w0 is also important for event selection, and it is also a very C.-F.Q. thanks the Alexander von Humboldt Committee
good constraint to lower the background level greatly. As infor financial support; C.Z.Y. thanks Professor H. Kolanoski,
the yJ/ s case, the mass difference method will be helpful toProfessor C. H. Jiang, and Professor M. Davier for helpful

In this paper we have discussed the physics potential of
HERA-B in detecting then. and he(*P;). Our numerical
results reveal that there are about®and 1§ of ». and
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